INTRODUCTION
Oil and gas pipelines are pressure vessels with steel walls operating at up to 70% of their yield strength. They need to be inspected rigorously to avoid failure and for environmental safety reasons. Magnetic flux leakage (MFL) is the most cost effective technique for in-service corrosion inspection ofburied gas pipelines [1] . In this method, the pipe wall is magnetized to near-saturation using permanent magnets. Ifthe wall thickness is reduced by a defect, more magnetic flux leaks from the wall into the air inside and outside the pipe. This 'leakage flux' can be detected by a Hall probe or an induction coil [1] . The circumferential (hoop) stress generated in the pipe wall by line pressure alters the MFL signal and needs to be accounted for when sizing the defect [I] . Defects also change the local stress distribution, creating stress concentrations which may Iead to plastic deformation at the defect edge. As a result, the study of stress concentration around pits of different depths and made under different external conditions is important in estimating the size of the defect. This stress concentration around a defect can be measured directly by neutron diffi"action [2] and photo-elasticity measurements [3] . We also measure stress concentrations indirectly using the magnetic Barkhausen noise (MBN) technique [4] .
Stress calibration ofMFL inspection tools is sometimes performed using pipeline test sections containing artificial 'defects'. These calibration defects are most commonly produced by mechanical drilling; recently, however, concems over mechanical drilling darnage have led to the increased use of electrochemical drilling methods, which more accurately simulate the pit-type corrosion mechanism occuring in service. Additionally, there has been interest in representing the true stress state of the pipe wall when a defect is formed. In most laboratory studies, artifical defects are produced in an unstressed pipe wall, with stress applied subsequently. In an operating pipeline, however, corrosion occures when the pipe wall is under stress. In this work, results are presented which illustrate the difference between mechanically and electrochemically drilled defects created under stress and those produced prior to stressing. Stress concentrations are measured using both MBN and neutron diffi"action and the results compared. EXPERIMENTAL A 635 mm long X70 steel pipe section with a chemical composition (in% wt) C: 0.12, Mn: 1.46, P:0.02, S:0.003, Si:0.22, V:0.060, Ti:0.020, Nb:0.040 and having a diameter of 610 mm and thickness 9 mm was chosen as the sample. The pipe section was converted to a pressure vessel by creating a pressure chamber with the test pipe as the outside wall and another concentric cylinder of slightly smaller diameter as the inner wall. Circumferential hoop stress was produced by pumping hydraulic fluid into the chamber while pressure was monitored on a gauge. This device has been termed the 'hydraulic stress rig'. Artificial circular pits ofdiameter -15 mm and depth-4.5 mm (-50% ofthe wall thickness) were created in the pipe wall either by mechanical drilling using a ball-mill drilling tool, or by electrochemical drilling [2] .
MFL Measurements
Details of the experimental setup for measuring MFL signals have been described elsewhere [1] . The pipe wall is magnetized by sets ofhigh strength NdFeB permanent magnets providing an axial field. Different magnetic flux densities are produced by varying the number of permanent magnets in each pole arm ( or by increasing the cross-sectional area ofthe back-iron in the magnetizer). The presence of defects, such as corrosion pits, produce a magnetic reluctance to the flux flow, thus diverting some flux into the air. This flux is detected by scanning a Hall probe over the defect region.
MBN Measurements
The Barkhausen effect is the discontinuous changes in flux density as a ferromagnet is subjected to a time-varying magnetic field. The voltages induced in a pickup coil placed on the ferromagnet are known as surface MBN. In this study, excellent spatial resolutionwas obtained by using a small magnetic disk read-head ( rather than a pickup coil) to detect the MBN signals (see details elsewhere [5] ). The frequency range selected for analysis results in an estimated skin depth of about 0.1 mm.
Neutron Diffraction Measurements
In the neutron diffraction (ND) technique strain is determined by measuring the interplanar spacing of a stressed sample compared to that for an unstressed one. Details can be found in ref. 2 . ND measurements were carried out using the NS spectrometer at the NRU reactor in Chalk River, Canada. Due to experimental constraints, the stress was applied to a 3mm thick plate sample using a unidirectional stress apparatus ( rather than using the hydraulic stress rig described above). The diffracting (sampling) volume was -1. Omm 3 , allowing a detailed strain map to be obtained around the defect.
RESULTS AND DISCUSSION

MFLResults
The radial MFL signal from a near side defect, ball milled under zero stress, is shown in Fig. 1 . Signals from far side defects (not shown) display a smaller, single peak form with no evidence ofthe saddle feature seen in Figure 1 . The MFL peak-to-peak value (MFLPP) decreases with increasing hoop stress. The percentage change of the radial MFLPP signal with increasing hoop stresses is shown in Fig. 2 for a far side, ball milled defect at different flux densities. The stress dependence of the MFL signal illustrates the need to quantify the stress state in the defect vicinity using ND and MBN.
Neutron Diffiaction Results
Neutron diffiaction was used to measure strain around a through-wall hole in a 3 mm plate subjected to a unidirectional stress of 80 MPa. Scans were done from the edge outwards, along the two axes shown in Fig. 3 (inset) . The axes were Iabelied 'hoop' (corresponding to the stress direction) and 'axial' in ordertobe consistent with the conventional pipeline terminology used in the rest of the paper. Results were compared to 2-D theoretical predictions for a through-wall hole in a plate under plane stress conditions [3] . Fig. 3 illustrates the results for the electrochemically drilled hol es. Shown here is the strain data measured along the hoop (0) and axial(+) directions, along with curves indicating the 2D theoretical predictions for each axis. This data was taken after electrochemically drilling a hole while the plate was subjected to the 80 MPa applied hoop stress. The agreement between the 2D theory predictions and the measured hoop strain shown in Fig. 3 indicates that no additional stress is introduced by electrochemical drilling. Figure 4 shows a similar plot, this time for a hole mechanically drilled at zero stress, then loaded to 80 MPa. In this case a slight deviation from the theoretical result is seen along the hoop direction, suggesting that mechanical drilling may have introduced slight plastic deformation at that position. The final ND experiment involved mechanically drilling a hole into the sample held at 80 MPa axial stress. In this case, the amount of plastic deformation introduced by mechanical drilling is very significant. Figures S(a) and S(b) show the results from the hoop and axial directions, respectively. The introduction of plastic deformation was confirmed by measurements following unloading, where compressive residual stresses of > 100 MPa were observed at the hole edge [2) .
MBNResults
MBN energy measurements were made adjacent to the edge of an electrochemically drilled defect in the outer pipe wall of the hydraulic stress rig. The scan directions and orientation with respect to the pipe axis and the hoop (stress) axis can be seen in the inset diagrams ofFigs. 6 and 7. MBN energy scans along the axial direction were taken at increasing stress Ievels, as shown in Fig. 6 . A large change in the MBN energy is apparent near the defect edge when a stress is applied. According to the 2D theoretical stress analysis, this is the position corresponding to the maximum stress concentration (see the "2D theory, axial axis" curve in Figure 3 ). In this case the stress is tensile and in the same direction as the applied MBN sweep field. The increase in MBN energy with increasing tensile stress has been shown to be associated with shifting the magnetic easy axis towards the tensile axis, and also increasing the nurober of 180 degree domain walls in that direction [5) .
Results from the hoop scans are shown in Figure 7 . Here the increase in stress causes a decrease in the MBN energy signal at the defect edge. Again, this is entirely consistent with the 2D stress analysis which predicts that the stress is slightly compressive near the defect edge and rises slowly with distance up to the background stress Ievel [3] . In this case the decrease in MBN energy is related to the shift ofthe magnetic easy axis away from the applied MBN sweep field direction. "' Distance from the centre ofthe hole (mm) Figure 8 . Normalized stress distributions (normalized to the background stress value) calculated from :MBN scan data.
The MBN energy was measured as a function of applied stress in a defect-free region of pipe, and used as a calibration for the estimation of stress from MBN defect scans . The normalized stress distributions obtained from the MBN data are shown in Fig.  8 . The study shows a stress concentration factor of-2 at the edge along the axial direction, and --0.6 (compressive) at the hoop direction edge. These results are entirely consistent with those offinite element modelling for a 50% through-wall defect.
GENERAL DISCUSSION
The MBN work has shown that the stress concentration associated with a pipe wall defect has a significant effect on magnetic behaviour, consistent with an explanation of the stress influence on the easy axis direction. A quantitative interpretation of stress verses MFL signal behaviour is more complex, however on a qualitative Ievel the following explanation can be affered for the results ofFigure 2: In axially welded pipe, the pipe manufacturing process produces a macroscopic magnetic easy axis along the pipe axis. When the axially-directed flux is made to flow araund a defect, the Iack of an easy axis (i.e. low permeability) in the hoop direction drives flux out ofthe pipewalland into the air, where it is detected as a leakage flux. When the pipe is pressurized, however, it experiences a hoop stress. This tends to shift the easy axis into the hoop direction, making it easier for flux to stay in the pipe wall as it flows araund the defect and thus reducing the leakage flux. The defect-induced stress distribution will further reduce the leakage flux, due to the !arge hoop stress concentration at the Ieading edge of the defect.
Finally, the neutron diffraction results have confirmed that great care must be taken in the production of artificial defects. Mechanical drilling, particularly if the sample is under stress, may alter the local stress distribution significantly, thereby changing the local magnetic behaviour of the material surrounding the defect. Artificial calibration defects should be produced using electrochemical drilling procedures, which do not introduce additional stresses into the pipe wall and which are similar in nature to corrosion processes in operating pipeline.
